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Figure 2. External knee adduction moment during stance phase of
walking. Bars represent  1 SD.
Figure 2. Articular cartilage surface do not touch below approximately
40% of maximal muscle force, then cartilage strain increases exponentially
between about 40 – 70% of the maximal force, and remains almost con-
stant beyond about 70 – 80% of maximal force (n ¼ 6).
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IN VIVO DEFORMATION OF ARTICULAR CARTILAGE DURING
ELECTRICALLY STIMULATED CONTRACTION
Z. Abusara, M. Kossel, W. Herzog. Univ. of Calgary, Calgary, AB, Canada
Purpose: In vivo movement of bones comprising synovial joints has
been evaluated in various ways and has been calculated theoretically to
understand joint biomechanics. In order to assess joint loading and
bone movements accurately, the deformation behavior of articular
cartilage has been investigated in conﬁned and unconﬁned com-
pression experiments and indentation tests (references), but to date
there exist no data on dynamic in vivo deformation of articular cartilage
in intact joints loaded through controlled muscular contraction. The
objective of this study was to measure articular cartilage deformations
as a function of load in an intact joint of live animals.
Methods: In order to achieve the purpose of this study, we developed a
novel in vivo testing system that allows for controlled loading of mouse
knees through muscular contractions and quantiﬁcation of the asso-
ciated, cartilage and chondrocyte deformations. Mice were ﬁxed in a
custom-built jig onto the stage of a dual photon microscope. Controlled
forces of the knee extensor muscles were produced through direct
muscle stimulation using indwelling ﬁne wire electrodes and a Grass
(S8800) stimulator. Themedial meniscus was excised to provide a direct
view of the medial tibio-femoral joint (Figure 1). Imaging of articular
cartilage deformation across the entire medial compartment of the
knees was performed using a Zeiss 400.95 NA water-immersion
objective coupled with a Coherent Chameleon IR laser tuned at 780 nm
for two-photon excitation.
Results: Increases in muscular loading of the knee caused an increase in
articular cartilage deformation (Figure 2). Fifty and 80% of the maximal
muscular forces produced average peak articular cartilage strains for an
8s contraction of 10 1% to 19 2% respectively (Figure 2). The average
overall cartilage thickness was 32  2 mm on the femoral condyles. For
slow increasing forces (Figure 3a), the tibio-femoral joint space initially
narrowed and reached zero (i.e., the two cartilage surfaces started to
touch) when muscle forces reached approximately 40% of maximal
isometric values (Figure 3b). Following cartilage contact, cartilage
thickness decreased in an approximately exponential manner andFigure 1. (a) Mouse knee joint showing the medial tibia (T) and femur(F)
with the meniscus removed. (b) Tibio-femorol joint space decreased to
zero during muscular loading. Arrows shows cartilage deformation area.reached the deformation peak approximately 5s after initial force
application (Figure 3c). Cartilage tissue recovered to its original shape
within approximately 30s following force removal (Figure 3c).
Discussions And Conclusions: The results of this study suggest that
tibio-femoral contact between the articulating surfaces is only achieved
with relatively high muscular forces (about 40% of maximal). This may
be an artifact of the current setup where the medial meniscus was
removed, and physical contact between the two articulating surfaces
may occur earlier (i.e., at lower forces) if the meniscus had been leftFigure 3. (a) Normalized (relative to maximum ¼ 100%) knee extensor
forces as a function of time. Muscles were stimulated for 8 seconds at a
voltage and frequency producing approximately 60% and 35% of the
maximal isometric force. (b) Medial tibio-femorol joint space as a func-
tion of time. Joint space decreased as muscular force increased and
reached zero when force reached approximately 40% of maximum. (c) In
vivo femoral cartilage thickness changes during loading with 60% of
muscular force. No sign of cartilage deformation was noticed at 35%
maximal force.
Figure 1. Representative proﬁles of load and EAG signals obtained during
A) in vivo and B) in vitro EAG assessment.
Figure 2. Pearson’s correlation (r ¼ 0.804, p ¼ 0.16) between EAG coef-
ﬁcients at four electrodes per fetlock obtained during in vivo and in vitro
assessments in a 16 years old horse. For this analysis, EAG coefﬁcients
were referenced to an electrode placed on bone beneath the articulation.
Abstracts / Osteoarthritis and Cartilage 22 (2014) S57–S489S88intact. This will need to be investigated further. However, the ﬁnding
seems to suggest, that at least in the presence of medial meniscectomy,
high forces are required to obtain physical cartilage to cartilage contact
in the medial tibio-femoral compartment of the mouse knee.
Another surprising feature of this work was that cartilage behaves
highly visco-elastically. Speciﬁcally, peak cartilage deformation is
reached much after peak muscle forces have been reached. The delay of
about 3s from peak force to peak cartilage deformation suggests that in
a normal cyclic movement, such as walking (loading time approx-
imately :800ms) peak steady-state deformation corresponding to the
applied force is never reached. Similarly, full cartilage thickness
recovery following load removal takes approximately 20s, suggesting
that deformation recovery within cyclic movements such as walking,
with an unloading time of about 1s, may be neglected.
Finally, peak cartilage deformation under the present conditions seems
to be maximal at muscle forces of about 70% of the maximal isometric
force with further deformations with higher forces not detected by our
system. This begs the question of stiffness changes in cartilage with
increasing loads and the mechanisms underlying extreme deformation
of cartilage under very high joint loading conditions.
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ELECTROARTHROGRAPHY, A NON-INVASIVE STREAMING
POTENTIAL-BASED METHOD, MEASURES CARTILAGE QUALITY IN
LIVE HORSES
A. Changoor y, W. Brett y, M. Hoba y, M. Garon z, E. Quenneville z,
K. Gordon y, P. Savard x, M.D. Buschmann x, M.B. Hurtig y, D.R. Trout y.
yUniv. of Guelph, Guelph, ON, Canada; zBiomomentum Inc., Laval, QC,
Canada; x Ecole Polytechnique Montreal, Montreal, QC, Canada
Purpose: Electroarthrography (EAG) is a new technology that non-
invasively measures cartilage streaming potentials through electrodes
contacting the skin surrounding an articular joint. Streaming potentials
are produced during cartilage compression and directly reﬂect cartilage
composition, structure and load bearing properties. Study objectives
were to develop an approach for measuring EAG in the fetlock joints of
live horses, as well as to compare externally measured EAG to direct
measurements of cartilage quality.
Methods: EAG was performed on both forelimb fetlock (meta-
carpophalangeal) joints of three horses, aged 7, 9 and 16 years, fol-
lowing completion of a comprehensive lameness examination and
radiographic assessment. For EAG, gold-plated disk electrodes were
attached to skin at four sites around the fetlock, the medial (EAG1) and
lateral (EAG2) anterior (dorsal) phalanx/cannon interface, as well as the
medial (EAG3) and lateral (EAG4) phalanx/cannon interface (Fig. 3).
Horses were positioned with the instrumented forelimb on a force plate
(Kistler 9281B) and EAG signals collected wirelessly during loading.
Loading was achieved by manually lifting the contralateral forelimb,
which caused a shift in body weight to the instrumented forelimb,
holding it aloft for 5 seconds, and releasing. EAG coefﬁcients (mV/kg)
were calculated for each electrode by ﬁtting EAG signals to axial loads.
One horse (16 year old) was euthanized for unrelated reasons and the
distal forelimbs, comprising the third metacarpus (cannon bone) to the
hoof, collected for in vitro tests. Each forelimb was mounted in a ser-
vohydraulic mechanical tester (Instron 8800) and EAGmeasured during
simulated loading. Joints were then disarticulated and direct meas-
urements of cartilage streaming potentials made at 250 sites per joint
with the Arthro-BST, an arthroscopic device that non-destructively
measures streaming potentials by compressing cartilage with a hemi-
spherical indenter containing an array of 37 microelectrodes. The
Arthro-BST calculates a quantitative parameter (QP) corresponding to
the number of microelectrodes in contact with cartilage when the sum
of streaming potentials reaches 100 mV.
Results: EAG coefﬁcients for anterior electrodes ranged from 1.51 to
2.30 mV/kg and 0.74 to 2.50 mV/kg for EAG1 and EAG2, respectively, and
-2.14 to -0.42 mV/kg and -1.67 to 0.04 mV/kg for medio-lateral electrodes
EAG3 and EAG4, respectively. All three horses displayed mild to mod-
erate lameness, with the 16 year old former racehorse exhibiting sig-
niﬁcant swelling of the left fetlock and a bowed tendon at the third
metacarpus. No radiographic evidence of joint disease was detected in
these horses. Similar loading proﬁles were observed during in vivo and
in vitro EAG tests and streaming potentials at anterior electrodes (EAG 1,
EAG 2) closely followed axial loads (Fig. 1). A strong and signiﬁcant
correlation (r¼ 0.804, p¼ 0.16, n¼ 8) was detected between in vivo and
in vitro EAG coefﬁcients when calculated with respect to a referenceelectrode placed on bone beneath the articulation (Fig. 2). Direct
measurements of cartilage streaming potentials revealed elevated QP,
indicating lower cartilage stiffness (Fig. 3), compared to normal carti-
lage measured previously, which had average QP of 6.8  1.9 (n ¼ 418)
and 5.6  1.9 (n ¼ 561) in the phalanx and cannon, respectively.
Conclusions: EAG was measured successfully in live horses during
loading with the instrumented forelimb positioned on a ﬂoor-mounted
force plate. EAG coefﬁcients acquired in vivo from a 16 year old horse
correlated strongly with those obtained during analogous in vitro EAG
tests on the same fetlocks (Fig. 2). Direct cartilage assessment using the
Arthro-BST device revealed mild to moderate cartilage degeneration
although this horse was radiographically normal. This study demon-
strated the application of EAG, a novel, non-invasive cartilage
